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In vivo SELEX for Identification of Brain-penetrating 
Aptamers
Congsheng Cheng1, Yong Hong Chen1, Kim A Lennox2, Mark A Behlke2 and Beverly L Davidson1,3,4

The physiological barriers of the brain impair drug delivery for treatment of many neurological disorders. One delivery approach 
that has not been investigated for their ability to penetrate the brain is RNA-based aptamers. These molecules can impart delivery 
to peripheral tissues and circulating immune cells, where they act as ligand mimics or can be modified to carry payloads. We 
developed a library of aptamers and an in vivo evolution protocol to determine whether specific aptamers could be identified 
that would home to the brain after injection into the peripheral vasculature. Unlike biopanning with recombinant bacteriophage 
libraries, we found that the aptamer library employed here required more than 15 rounds of in vivo selection for convergence to 
specific sequences. The aptamer species identified through this approach bound to brain capillary endothelia and penetrated 
into the parenchyma. The methods described may find general utility for targeting various payloads to the brain.
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Introduction

The blood–brain barrier (BBB) regulates brain homeostasis 
and the transport of endogenous and exogenous compounds 
by controlling their selective and specific uptake, efflux, and 
metabolism in the brain.1 The BBB consists of an elaborate 
complex of tight junctions and adherens junctions between 
adjacent endothelial cells.2 Due to their unique proper-
ties, paracellular transport of hydrophilic drugs across BBB 
endothelia is virtually absent and transcellular transport by 
passive diffusion is only available to lipophilic molecules or 
water soluble molecules under 400 Da.2,3 As a result, vari-
ous targeting strategies are being explored to enhance BBB 
penetration. Previous attempts encompass increasing the 
lipophilic nature of the drug, using chimeric protein or anti-
bodies.4 A novel vehicle that has shown promise for targeting 
peripheral tissues is aptamers.5,6

Aptamers, composed of single-stranded DNA or RNA, are 
generated from SELEX (Systematic Evolution of Ligands by 
EXponential enrichment), and gain affinity and specificity to 
target molecules after rounds of selection. Synthetic aptam-
ers can be modified, for example, by incorporating fluorine 
or O-methylation at the 2′-OH position to enhance plasma 
stability and circulating half-life. Previous investigations have 
shown that aptamers have low toxicity and immunogenicity 
in vivo compared with other similar agents.7,8 Since the first 
introduction of SELEX technology in 1990,9,10 it has been 
applied to the development of moities for clinical diagnosis 
and in preclinical therapeutic studies.7,11,12 Generally, purified 
proteins or cultured cells have been utilized for capturing spe-
cific nucleic acid aptamers.13–15 However, they may not ideally 
represent the physiological state of the organ or tissue being 
targeted. Recently, Mi and colleagues identified RNA aptam-
ers that localized to liver-residing colon cancer metastases in 
mice, suggesting the viability of screening tissue-penetrating 
aptamers within living animals.16

Previous investigations on aptamer biodistribution after 
intravenous delivery implies that accessibility to the brain is 
low. This is likely due to the presence of the BBB.17 Here, we 
devised an in vivo evolution strategy in wild-type mice, with 
the goal to identify RNA aptamers with enhanced penetration 
to brain. After multiple rounds of panning, aptamers which 
entered brain endothelia and parenchymal cells after periph-
eral injection emerged.

Results

We first designed a library of aptamers of 40 nucleotides (nt) of 
random sequence flanked by fixed sequences (Figure 1a and 
Supplementary Table S1). Because our goal was to identify 
aptamers that could afford central nervous system delivery, we 
reasoned that the BBB in situ was the optimal platform for pan-
ning compared with artificial BBB culture systems. We admin-
istered 2′-fluoropyrimidine–modified RNA (RNase A resistant) 
random libraries into the mice via tail vein injection (Figure 1a) 
and subsequently harvested brains for aptamer recovery. Puri-
fied RNA was further treated with RNase A and DNase I, ampli-
fied, and re-injected into subsequent animals. We sequenced 
recovered clones via Sanger methods to monitor the progress 
of SELEX. After 6 and 12 rounds, we found no convergence 
(data not shown). Therefore, we instituted a negative selection 
step after round 12. The recovered RNAs were incubated with 
mouse serum before amplification for subsequent rounds of 
selection. After round 14, we sequenced the recovered library 
using an Illumina deep sequencing platform and also per-
formed Sanger sequencing on random selected clones. The 
data retrieved from Sanger and deep sequencing identified the 
same sequence (A14) as the top ranked sequence (Table 1).

The library evolved to enrichment after 22 rounds of selec-
tion, with three motifs representing almost 90% of sequences 
(Table 1). Representative sequences identified after SELEX 
were modeled using Mfold (Figure 1b).18 Strikingly, sequence 
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Figure 1  In vivo SELEX for aptamers. (a) Schema for SELEX strategy. An RNA library consisting of a 40 nt random region flanked 5′ by a 
32 bp left arm containing a T7 transcription start, and 3′ by a 16 bp for PCR amplification was generated, and then RNAs transcribed in the 
presence of 2′-fluoro nucleosides to enhance nuclease resistance. Purified RNAs were peripherally injected into three C57BL/6 mice and 
circulated for 1 hour (rounds 1–8) or 3 hours (rounds 9–22). Mice were perfused with DPBS, and RNAs were extracted from whole brain. 
Recovered RNAs were treated with RNAse A and DNase I, and then converted to double-stranded DNA by RT-PCR. Purified DNAs were 
transcribed into 2′-F RNA, and full-length RNA was purified for the subsequent round of panning. (b) Predicted secondary structures of 
aptamers using Mfold (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form). DPBS, Dulbecco’s phosphate-buffered saline; nt, nucleotide; 
RT-PCR, reverse transcription PCR; SELEX, Systematic Evolution of Ligands by EXponential enrichment.
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Table 1  Representative sequences from in vivo SELEX

RNA library Top five sequences (40 nt random region, 5′→3′) Frequency (%)

Round 14 (Sanger sequencing, 20 colonies) GTAGCCTTTCGGTGGTCCGTTATCTCCACATCACGTCTG 35.0

CGTATTGCGCGAGGATTATCCGCTCATCGTTGTTGTTGTG 10.0

GTAGTCTTTCGGTGGTCCGTTATCTCCACACCACGTCTG 5.0

GACGTTCTCGAGTGGTTAGCTGTCACTGTGTGTTGGTGTG 5.0

TATCACGCGCGGATGGTAGCCGTACCTCTCCTTCGGTCTG 5.0

Round 14 (Illuminar deep sequencing 21,000,000 reads) GTAGCCTTTCGGTGGTCCGTTATCTCCACATCACGTCTG 11.87

CTTATTGCTGTAATCGTTGTAGAGTGTGAGTTTGTGCCGG 4.14

CTTATTGCTGTAATCGTTGTAGAGTGTGAGTTTGTGCCG 2.45

GTAGCCTTTCGGTGGTCCGTTATCTCCACACCACGTCTG 1.92

CGTATTGCGCGAGGATTATCCGCTCATCGTTGTTGTTGTG 0.76

Round 22 (Sanger sequencing, 30 colonies) CGTATTGCGCGAGGATTATCCGCTCATCGTTGTTGTTGTG 50.0

TTACCTTTGTCCAGCATGTTCGGATTCGGCACCTGGTCC 30.0

CGTATTGCGCGAGGTTATCCGCTCATCGTTGTTGTTGTG 6.67

GTAGCCTTTAGGTGGTCCGCTATATCCACACCACATCTG 3.33

CGTATTGCGCGAGGATTATCCGCTCATTGTTGTTGTTGTG 3.33

Sequencing results after round 14 and 22 selection. The sequences in bold indicated the same sequencing at round 14. Aptamer A14 ranked as top either in 
deep sequencing or Sanger sequencing at around 14. Aptamer A15 ranked as the second in Sanger sequencing and the fifth in deep sequencing at round 14, 
and jumped to top at round 22.
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A14, which was most prominent from round 14 (Table 1) 
to round 18 (data not shown), was no longer present by 
round 22, although sequences very similar to A14 emerged. 
Sequence A15 enriched to 50% in round 22.

Several additional experiments were done to confirm 
that enrichment was occurring during SELEX. First, we 
quantified aptamer levels from liver, kidney or brain fol-
lowing tail vein injection of the RNA aptamer libraries 
amplified after various rounds. Only in brain lysates did we 

note increased RNA aptamer abundance with successive 
selections (Figure 2).

By sequencing clones from round 22 SELEX, we found 
6.67% of clones to be A02, 30% were A09, and 50% were 
A15 (Table 1 and Figure 3a). We tested the homing potential 
of these same aptamers using a reverse screening assay.19 
A15, A09, A02, and scrambled sequences (SCAP) were tran-
scribed and purified separately, then mixed at equal molar 
ratios. The mixtures were peripherally injected into mice, and 
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Figure 2  Assessment for aptamer enrichment. RNA (1 nmol) from the starting library (R0), round 6 (R6), round 12 (R12), round 18 (R18), 
or round 22 (R22) were injected into C57BL/6 mice (three mice/library). Three hours post-injection, the mice were perfused and total RNAs 
from the (a) liver, (b) kidney or (c) brain were extracted and the relative abundance of RNA library in these organs was quantified by qRT-PCR. 
Data are normalized to 5S RNA and are presented as mean ± SD. qRT-PCR, quantitative reverse transcription-PCR; SELEX, Systematic 
Evolution of Ligands by EXponential enrichment.

Figure 3 The A15 aptamer shows enhanced specificity to brain. (a) Data represent the percentage of the denoted aptamer present after 
sequencing of clones from SELEX. (b) Data represents the percentage of the denoted aptamer found in the reverse screening assay. For 
this, equal amounts of selected RNA motifs (A02, A09 or A15, see Table 1) and scrambled A15 (SCAP) were mixed, and injected into mice. 
RNA was extracted from the brain, reverse transcribed, cloned, and colonies were sequenced. The frequency of the sequences representing 
each aptamer is shown. (c) Equal amounts of aptamers (SCAP and A15) were peripherally injected in mice (n = 3–4) and after 4 hours, total 
RNA was isolated. Aptamer quantitation in brain, kidney, and liver was done using one-step qRT-PCR (5 µg of DNase-treated input RNA) by 
including 18S RNA as loading control. (d) Quantification of A15 aptamer in capillary versus parenchymal tissues after peripheral injection. 
Mouse brain capillaries were clarified from brain parenchymal fractions by density centrifugation, and the purity of the capillary fraction was 
evaluated by assessing the endothelial cell-specific markers Tie-2, Claudin-5, and Occludin. mRNA levels were normalized to GAPDH. Data 
are expressed as means ± SD (*P < 0.05, Student’s t-test; n = 3). (e) qRT-PCR to evaluate aptamer abundance in the indicated fractions. Data 
are presented as means ± SD using ANOVA and Bonferroni post hoc for significance (*P < 0.05; n = 3 mice per group). ANOVA, analysis 
of variance; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; qRT-PCR, quantitative reverse transcription-PCR; SELEX, Systematic 
Evolution of Ligands by EXponential enrichment.
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the RNAs were harvested from mouse brain and sequenced. 
We found that aptamer A15 was the most frequent sequence 
in brain lysates among the recovered RNAs. Approximately 
45% of clones were A15, 30% were A9, and 25% were A2 
(Figure 3b). This is similar to what was found from sequenc-
ing after SELEX round 22 (Figure 3a), and contrasts the 
input which was 25% for each aptamer.

We next asked whether A15 showed increased enrichment 
in brain over SCAP. Mice were injected with SCAP or A15 and 
the aptamers were allowed to circulate for several hours. As 
expected, there was no difference in the levels of aptamers 
recovered from kidney or liver. However, brain levels did show 
enrichment (Figure 3c).

In subsequent studies, we tested whether A15 aptamers 
were retained in capillary cells or brain parenchyma. For this 
work, we used a capillary depletion protocol which allows 
separation of the vessels (and endothelia lining them) from 
the remaining parenchymal cells (e.g., neurons and glia). For 

this, A15 and control aptamer RNAs were delivered into brain 
by carotid artery injection, and after circulation blood vessels 
were separated from the brain parenchyma. The quality of 
the separation was confirmed by testing the fractions for 
the vascular markers Tie 2, Claudin-5, and Occludin. In all 
cases these markers were enriched in the capillary fraction 
as expected, and conversely, diminished in brain parenchy-
mal fractions (Figure 3d). Next, we assayed for A15 aptamer 
in the two fractions. To our surprise, quantitative reverse 
transcription-PCR(qRT-PCR) demonstrated that A15 was 
most abundant in the blood vessel-depleted brain parenchy-
mal fraction (Figure 3e). These data suggest that the A15 
aptamer may penetrate the BBB.

To further test for brain penetration, an in situ hybridization 
experiment was performed. Aptamers were labeled using 
DIG-nucleosides. In addition, 2′-O-methyl (2′OMe) residues 
were incorporated internally to reduce nuclease sensitiv-
ity. Sections from animals injected peripherally with A15 or 
control aptamers were prepared and hybridized with probes 
specific to the A15 random region. Notably, A15-injected 
mice revealed positive signal (purple precipitate) in various 
brain regions including the cortex, hippocampus, cerebellum, 
and striatum, in contrast to scramble aptamer-injected mice 
(Figure 4).

The highly impermeable tight junctions between endothe-
lial cells forming the capillaries and venules in the central 
nervous system of higher vertebrates form the BBB, which 
impedes the passive diffusion of solutes from the blood into 
the brain parenchyma. We thus hypothesized that our aptam-
ers must first be internalized into endothelial cells before 
entry into the brain parenchyma. To test this, we designed a 
series of in vitro internalization assays to determine whether 
aptamers with enriched homing to brain were more likely to 
bind mouse brain-derived endothelial cells than their unse-
lected counterparts.

Aptamer binding (on ice) and internalization (at 37 °C) into 
endothelial cells were determined by flow cytometry. Cells on 
ice were treated with biotinylated aptamers (A15 and SCAP), 
and then subsequently incubated with streptavidin-phycoer-
ythrin (SA-PE) to detect bound aptamer. Fluorescence-acti-
vated cell sorting of the cells showed that ~20% more A15 
aptamer bound to the endothelial cell surface than control 
aptamer (Figure 5a, left panel). Assessment of internalized 
aptamer at 37 °C in permeablized cells showed ~25% more 
uptake of A15 relative to SCAP (Figure 5a, right panel).

We also tested for aptamer internalization using micros-
copy assays. Cells were incubated with SA-PE–labeled 
aptamers, and then internalized aptamers were visualized 
using confocal microscopy. We found that A15, but not SCAP, 
was present in the cytoplasm (Figure 5b). To quantify inter-
nalization, mouse brain endothelial cells were incubated 
with aptamers, followed by treatment with Riboshredder to 
degrade residual RNAs retained on the cell surface or the 
culture wells. Resistant, internalized aptamers were quanti-
fied by qRT-PCR. Consistent with the above, we observed 
significantly elevated amounts of internalized A15 aptamer 
relative to control sequence (Figure 5c). Taken together, 
these data suggest that the aptamers evolved from in 
vivo SELEX first target endothelia, followed later by brain 
penetration.

SCAP A15

Cx

Str

Hp

Cb

Figure 4  Aptamer biodistribution after peripheral injection. 
Representative in situ hybridization images from cerebral cortex 
(Cx), striatum (Str), hippocampus (Hp), and cerebellum (Cb) of mice, 
collected 3 hours after carotid artery injection with either scrambled 
(left) or A15 (right) aptamer. The slides were lightly counterstained 
with methylene green (cell nuclei; light blue). Purple precipitate 
denotes aptamer hybridization signal (note difference in intensity 
of aptamer signal between right panels and left panels). Arrows 
denote regions magnified in insets (lower right, all images) for better 
visualization of aptamer signal. Sections are representative of those 
from three different mice/group. Bar = 100 µm and applies to all 
images. Inset magnification ×5.
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Discussion

The brain is protected from infectious and toxic agents by a 
dynamic barrier, the BBB, which also impedes drug trans-
port into the brain via the blood circulation.20 Brain capillary 
endothelial cells, pericytes, astrocytic foot processes, and 
nerve endings terminating on the capillary surface constitute 
the BBB.21 The unique structure of the BBB hinders many 
therapies directed at brain pathologies. Several noninvasive 
strategies have been proposed to overcome this problem, 
such as delivery through the nasal mucosa,22 osmotic open-
ing of the BBB,23 nanoparticle coating,24 transporter vectors,25 
and viral vectors.26,27 An untested area of investigation for 
approaching brain delivery is aptamers. Aptamers have com-
plex secondary and tertiary structure and have been shown 
to recognize specific targets. Aptamers for specific targets 

are often identified using SELEX. For conventional SELEX, 
one bait (i.e., purified protein or tissue culture cells) is tradi-
tionally used as input to screen RNAs or DNAs from complex 
aptamer libraries consisting of pool sizes of 1012–1015.

We reasoned that an unbiased in vivo SELEX protocol per-
formed in situ would be optimal for the identification of aptam-
ers that can reach the brain from the vasculature. Surprisingly, 
and in contrast to our prior work in phage panning27 and oth-
er’s work with in vitro SELEX,6 many more rounds of in vivo 
SELEX was required for enrichment. This may be explained 
in part by considering the bait complexity and the length of 
the random sequence. While our 40 nt long random library 
may offer an advantage for in vitro SELEX, it may increase 
the complexity of possible secondary and tertiary structures 
within a given sequence to the point that, when combined 
with the large repertoire of targets to which the aptamers may 
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Figure 5  SELEX-derived aptamers show improved binding and uptake into mouse brain endothelial cells in vitro. (a) Flow cytometry 
to monitor aptamer binding and uptake on bEnd.3 cells. The bEnd.3 cells were treated with the denoted aptamers at 4 or 37 °C. The panels 
show that A15 binding is enhanced over SCAP (left panel), and that there is extensive uptake at 37 °C relative to SCAP (right panel).  
(b) Representative confocal images of bEnd.3 cells after incubation with 500 nmol/l SA-PE–conjugated A15 or SCAP, showing cellular uptake 
with A15, but not SCAP. Green, Alexa-488 labeled wheat germ agglutinin for cell membrane labeling; blue, DAPI to stain nuclei; red, SA-PE–
conjugated aptamer. Bar = 20 µm. (c) Quantitation of aptamer internalization into brain endothelia cells. Mouse brain endothelial cells were 
blocked with 50 µg/ml yeast tRNA and 1 µg/µl poly d(I:C) for 30 minutes, and treated with 1 µmol/l A15 or SCAP for 2 hours at 37 °C. Cells 
were treated with 0.02 U/µl of Riboshredder to degrade residual RNAs on the cell surface or in the media. Internalized RNA was quantified by 
qPCR and normalized to GAPDH. The results are presented as means ± SD. Statistical significance was done using ANOVA and Bonferroni 
post hoc (*P < 0.05; n = 6 per group). ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; qPCR, quantitative PCR; SA-PE, streptavidin-phycoerythrin; tRNA, transfer RNA.
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bind in vivo, reduce the likelihood for early enrichment. Thus, 
more rounds are required for eventual selection. Nonethe-
less, after 14 rounds of panning, some aptamers emerged 
and further enrichment occurred after 22 rounds.

The timing for our studies may have been critical for evolv-
ing aptamers that breached the BBB. For in vivo panning with 
bacteriophage, circulation times post-delivery range from 
5–30 minutes to avoid phage loss.16,27,28 The transcytosis of 
intact viruses takes longer; only 1% of HIV-1 viral particles 
cross brain microvascular endothelial cells after 24 hours,29 
or 0.1% of adenovirus-5 viral particles after 6 hours.30 For 
RNA modified for improved stability in blood,8 circulation 
times of 6–24 hours would be of little benefit as the RNAs 
would be excreted. Considering the barriers for brain target-
ing, we let the library circulate for 1–3 hours to balance the 
time needed for brain endothelia binding with excretion. In 
other work for liver SELEX, 20-minute circulation times were 
used.16 It is unclear if we would have found quicker conver-
sion if a shorter circulation time was employed.

In this work, we compared enriched sequences using Illu-
mina deep sequencing and Sanger methods. The sequence 
distributions from Illumina are consistent with Sanger sequenc-
ing, and aptamer A14 was among the top 10 sequences for 
both platforms (data not shown). To our surprise, the A14 
aptamer could be recovered in isolated mouse brain capillary 
fractions at round 14, but was reduced to undetectable lev-
els (by Sanger sequencing methods) by round 18 (data not 
shown). In follow-up studies, we could not detect aptamer A14 
binding to endothelial cells lines or primary endothelial cell cul-
tures (data not shown). However, we noticed some motifs with 
consensus sequence similar to A14 after round 22, suggesting 
the A14 might be competed away by these sequences.

We noticed a high level of RNAs in non-targeted tissues, 
such as the kidney and liver. As enrichment was not noted 
upon subsequent rounds of SELEX, we attribute this, at least 
partially, to rapid clearance of the RNA through the reticulo-
endothelial system and the kidney due to their low molecu-
lar weight. The molecular mass for most aptamers fall in the 
5–15 kDa range, and are therefore susceptible to renal filtra-
tion even if they are resistant to nuclease-mediated degrada-
tion. Similar results have been found in in vivo phage-panning 
studies.31 Further chemical conjugation to high molecular 
weight polymers may protect aptamers from renal filtration, 
and promote persistence in the circulation. Nonetheless, 
depending on the target use for brain-penetrating aptamers, 
a fraction of the dose entering the brain may be sufficient for 
therapeutic benefit, similar to other small molecules.22

It is generally considered that for compounds to cross the 
BBB, they should have a molecular weight of <400 Da and be 
lipophilic.2 Given the chemical and physical attributes of our 
aptamers, it is unlikely that they enter the brain via paracellu-
lar aqueous routes or transcellular lipophilic pathways. They 
may enter via adsorptive-mediated transcytosis, channel and/
or receptors for uptake or fluid-phase pinocytosis.32 Recent 
work suggests that a quadruplex-forming DNA aptamer binds 
to nucleolin via macropinocytosis.33 Our work in vitro shows 
that A15 can enter brain endothelia cells under physiologi-
cal conditions, and in vivo, is evident in brain parenchyma. 
Whether entry is via fluid-phase pinocytosis or other routes 
requires further study.

In addition to SELEX, there are many methodologies for 
selection of random combinatorial libraries such as phage 
display, ribosome display, and mRNA display. For phage 
display, phage particles provide the link between genotype 
(single-stranded DNA) and the selected phenotype (the dis-
played peptide). For SELEX, the aptamer library contains 
both the genotype and the phenotype in one molecule. As 
noted, we did not observe enrichment for over 12 rounds of 
selection compared with previous phage panning and in vitro 
SELEX, which suggests that this strategy might be imprac-
tical for screening signatures imparted by a disease state; 
sequences emerge from phage panning within 3–5 rounds 
making them amenable to screening for disease-specific 
epitopes.27

In conclusion, we present novel studies demonstrating that 
aptamers can be panned from the brains of living animals, 
and that sequences which emerge can enter the brain after 
peripheral delivery. It will be interesting to investigate whether 
brain SELEX with a shorter RNA library could accelerate in 
vivo selection. In addition, to obtain RNA motifs specific to 
disease phenotypes, a combination of in vitro selection fol-
lowed by in vivo selection might be preferred.

Materials and methods

Mouse and cell lines. All animal studies were approved by 
the University of Iowa Animal Care and Use Committee. We 
obtained C57BL/6 mice from the Jackson Laboratory (Bar 
Harbor, ME). Escherichia coli DH5α was grown under aerobic 
conditions at 37 °C in Luria-Bertani media. Mouse endothelial 
cell line bEnd.3 was obtained from the American Type Culture 
Collection (ATCC, Manassas, VA), and cultured in high glu-
cose Dulbecco’s modified Eagle’s medium (Life Technologies, 
Grand Island, NY), supplemented by 10% fetal bovine serum 
and 1% penicillin-streptomycin, at 37 °C with 5% CO

2.

In vivo SELEX. Unless otherwise stated, all oligonucleotides, 
including DNA libraries were synthesized by Integrated DNA 
Technologies (Coralville, IA). The single-stranded library 
sequence was adapted from previous work,14 and con-
tained a central randomized sequence of 40 nt flanked by 
a 32-nt 5′ and a 16-nt 3′ primer hybridization site. To gen-
erate double-stranded DNA, a fill-in reaction with Klenow 
polymerase (New England Biolabs, Beverly, MA) was per-
formed in the presence of primer SXRP, and incubated at 
37 °C for 2 hours. Double-stranded DNAs were excised from 
4% agarose gels and purified with Qiaquick gel extraction 
kits (Qiagen, Valencia, CA), and amplified with primer SXRP 
and SXFP (12 cycles of 30 seconds at 94 °C, 30 seconds 
at 60 °C, and 1 minute at 72 °C) in totally 20–50 ml reaction 
volume. The 88 bp amplicons were purified as above and 
used as template for in vitro transcription. To produce nucle-
ase-resistant RNA for in vivo injection, 2′-fluoro nucleotide 
triphosphates were included in the reaction with Durascribe 
T7 transcription kit (Epicentre, Charlotte, NC) at 37 °C 
overnight. The transcribed RNA was treated with DNase I 
(Epicentre), followed by phenol/chloroform extraction. RNA 
was further concentrated with Amicon YM-10 columns (Mil-
lipore, Billerica, MA) and applied to 12% denaturing poly-
acrylamide gels containing 7 mol/l urea. The expected  
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71 nt RNA library band was excised and purified as 
described6 or cleaned using Zymo small RNA PAGE puri-
fication kits (Zymo Research, Ervine, CA). Purified RNAs 
were quantified with a NanoDrop (Thermo Scientific, Wilm-
ington, DE) and formulated in SELEX selection buffer (SSB, 
10 mmol/l HEPES, pH 7.4, 50 mmol/l NaCl, 1 mmol/l MgCl2, 
1 mmol/l CaCl2, 0.01% bovine serum albumin).

For in vivo selection, 2 nmol of RNA library was prepared 
in 110 µl SSB, denatured at 94 °C for 3 minutes, and then 
slowly refolded by cooling to room temperature in the heat 
block. Renatured RNA was peripherally injected into three 6–8 
weeks old C57BL/6 mice, and circulated for 1 or 3 hours. Mice 
were then perfused with Dulbecco’s phosphate-buffered saline 
(DPBS), brains were removed, rinsed with DPBS, and total 
brain RNA was extracted using TRIzol Reagent (Life Tech-
nologies). Recovered RNAs were treated with RNase A and 
DNase I at 37 °C for 15 minutes. To generate DNA template for 
transcription, cDNAs were prepared with OneStep RT-PCR Kit 
(Qiagen) or Superscript III Reverse Transcriptase (Life Tech-
nologies) with primer SXRP, and amplified with Taq PCR Mas-
ter Mix Kit (Qiagen) for 12–18 cycles. The DNA was purified 
as above and used to generate 2′-F RNA for the next round 
of selection. After 6, 12, 14, 18 or 22 rounds of selection, DNA 
was reverse transcribed from total RNA, cloned into the pGEM-
Teasy vector (Promega, Madison, WI), and transformed into 
Escherichia coli DH5α, and individual colonies from Luria-Ber-
tani plates containing IPTG/X-gal were sequenced by Func-
tional Bioscience (Madison, WI). To generate DNA for deep 
sequencing, we performed 10 cycles of PCR and submitted 
the DNA to the Iowa State University DNA Facility to generate 
libraries for sequencing on the Illumina platform.

qRT-PCR. To assess selection progress, equal amounts of 
RNA libraries were tail vein injected into three mice. Brain 
and liver RNAs were extracted by an acid guanidinium-thio-
cyanate-phenol-chloroform method using TRIzol reagent (Life 
Technologies) per the vendor’s manual. The amount of RNA 
was quantitated using a Nano-Drop ND-1000 spectrophotom-
eter (Thermo Scientific), and 500 ng DNase I-treated RNA was 
input for reverse transcription using Superscript III transcrip-
tase (Life Technologies). Relative abundance of RNA species 
was quantitated using qRT-PCR with specific primers (QFP 
and QRP) and Power SYBR Green Mster Mix (Life Technolo-
gies), and run on the Applied Biosystems Sequence Detection 
System 7900 (ABI 7900; Life Technologies). Relative RNA lev-
els were normalization to 5S RNA (Primer sets from Life Tech-
nologies). To evaluate RNA internalized into endothelial cells, 
10,000 bEend.3 cells were plated in 12-well plates, grown to 
~90% confluency, washed with cold DPBS and blocked with 
100 µg/ml yeast transfer RNA (Sigma-Aldrich, St Louis, MO) 
and 1 µg/µl poly d(I:C) (Sigma-Aldrich) for 30 minutes. The 
cells were washed and incubated with 1 µmol/l RNA aptamer in 
SSB for 2 hours. After removing unbound RNA, the cells were 
washed with DPBS, treated with 0.02 U Riboshredder (Epi-
centre) as described,34 rinsed with cold DPBS plus 0.5 mol/l 
NaCl, and lysed with 500 µl TRIzol reagent (Life Technologies) 
per well on ice. RNAs were further purified with RNA clean 
and concentrator (Zymo Research) for quantification. RNA lev-
els were normalized to GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) mRNA levels.35 For RNA distribution analysis, 

1 nmol of A15 or scrambled aptamer was injected into 3–4 
mice, and circulated in the body for 4 hours. The mice were 
perfused with 20 ml cold PBS, and killed for RNA extraction 
with Trizol reagent (Life Technologies) followed by purification 
with Direct-Zol RNA purification kit (Zymo Research). Five 
microgram of total RNA was input for SuperScript III Platinum 
SYBR Green One-Step qPCR Kit w/ROX (Life Technologies). 
All data was analyzed with SDS 2.3 software (Life Technolo-
gies) with normalization to 18S RNA.

Cellular uptake and internalization assays. RNAs were puri-
fied from denatured polyacrylamide gels and labeled using 
the Pierce 3′-end biotinylation kit (Thermo Scientific, Rock-
ford, IL) according to the manufacturer’s protocol. Biotinylated 
RNA was purified by phenol/chloroform extraction, precipi-
tated with ethanol, and dissolved in distilled RNase-free water. 
For conjugation, SA-PE (Prozyme, Hayward, CA) was mixed 
with biotinylated RNA at a 1:3 molar ratio in SSB at room 
temperature for 1 hour as before,36 and free dye removed with 
G-25 columns. Flow cytometry-based internalization assay 
was as described37 with slight modification. Briefly, bEnd.3 
cells were cultured in T150 flasks, the cells were trypsinized 
and plated on 100 × 20 mm culture dishes 24 hours before 
the experiment. The cells were washed with DPBS, dissoci-
ated from the dish with 0.25% trypsin/EDTA and viable cells 
counted with trypan staining. SA-PE–labeled aptamer A15 or 
control aptamer (900 nmol/l) was incubated with 5 × 105 cells 
in 100 µl SSB at 4 °C for 1 hour. For competition, 5 µmol/l cold 
unlabeled A15 RNA aptamer or control aptamer was incu-
bated with cells at 4 °C for 30 minutes before adding labeled 
aptamer. Cells were recovered by low speed centrifugation, 
and washed three times with DPBS. Cell pellets were resus-
pended in 500 µl cold DPBS and analyzed using a BD LSR II 
Violet flow cytometer (Becton Dickinson, San Jose, CA). For 
each reaction, 30,000 events were collected and analyzed 
using Flowcyto software version 8.7 (Tree Star, Ashland, OR).

Confocal microscopy was done similar to previous 
reports.38 The bEnd.3 cells were seeded on 8-well cham-
ber slides to 90% confluence, and washed three times 
with DPBS. SA-PE–labeled RNA aptamer was prepared as 
above, denatured at 75 °C for 5 minutes, cooled to room tem-
perature for 15 minutes and 4 µl RNA (500 nmol/l) in 400 µl 
of binding buffer (with 10% fetal bovine serum) was applied 
to the cells at 37 °C for 2 hours. The supernatant was aspi-
rated and the slides were washed three times with DPBS. 
Pre-warmed 4% paraformaldehyde (200 µl) was applied to 
each well at 37 °C for 15 minutes. Cells were washed once 
with DPBS, and 1 µg/ml Hoechst 33258 (200 µl) was added 
to each well. After 5 minutes, 5 µg/ml per well of Wheat Germ 
Agglutinin, Alexa Fluor 488 (Life Technologies) was added on 
ice for 15 minutes. Slides were mounted with Vector Shield 
(Vector Laboratories, Burlingame, CA) and internalized 
aptamer visualized using a Zeiss 710 confocal microscope 
(Carol Zeiss, Oberkochen, Germany).

Aptamer enrichment assays. A reverse screening assay19 
was performed by injecting a mixture of 100 pmol of individual 
aptamers into three mice via tail vein. After 1 hour of circula-
tion, hearts were perfused with 10 ml PBS, mouse brain and 
kidney were collected, and homogenized for RNA extraction 
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as described. After RT-PCR, sequences were cloned into the 
pGEM-T Easy vector (Promega) and used to transform Esch-
erichia coli; blue/white screening was used to identify colonies 
containing aptamer inserts, which were sequenced. The fre-
quency of the specific aptamer was determined.

Capillary depletion assay was done as described ear-
lier39,40 using three mice per treatment. Each mouse received 
1 nmol of A15 aptamer or one of two control aptamers via tail 
vein injection. After 1 hour, mice were killed by decapitation, 
the brain was quickly removed, arachnoid membranes were 
peeled away, and the choroid plexus was discarded. Mouse 
brain weight was recorded, and, following an initial mincing 
brains were homogenized using a glass homogenizer (8–10 
strokes) in 2 ml of physiologic buffer (10 mmol/l HEPES; pH 
7.4, 141 mmol/l NaCl, 4 mmol/l KCl, 2.8 mmol/l CaCl2, 1 
mmol/l MgSO4, 1 mmol/l NaH2PO4, and 10 mmol/l d-glucose). 
A 26% dextran solution was added (final dextran concentra-
tion, 18%) and homogenized again (three strokes). An aliquot 
of the total homogenate was saved, and the remainder was 
centrifuged at 5,400g (~9,000 rpm) for 30 minutes at 4 °C in 
a SW55ti rotor (Beckmean Coulter, Brea, CA). The superna-
tant (brain parenchyma) and pellet (vasculature) were care-
fully separated. Light microscopic examination of the pellet 
and supernatant showed that the pellet consisted of brain 
vasculature, whereas the supernatant was essentially devoid 
of vasculature. The purity of the separated fractions was 
further evaluated by quantifying mRNA levels of endothelial 
cell markers41 after RNA extraction. RNA from each sample 
was reverse transcribed with either QRP primer or 5S RNA 
RT primer from Life Technologies, and amplified with corre-
sponding primers.

In situ hybridization. Probes were designed to the random 
part of the aptamer. The hybridization was performed as 
previously published42 with some modification (M. Keiser, 
unpublished data). Briefly, mice received 1 nmol of A15 
or control aptamer via carotid artery injection. Mice were 
killed and the brain quickly harvested and embedded in 
optimal cutting temperature for sectioning. The sections 
were fixed, washed, and dehydrated, and incubated with 
prehybridization buffer (50% formamide, 5× SSC, 0.5% 
blocking solution (Roche Applied Science, Brandford, 
CT), 0.1% Tween-20, 0.1% CHAPS, 50 μg/ml yeast RNA, 
5 mmol/l EDTA, 50 μg/ml heparin) for 1 hour in a humid 
chamber followed by adding 100 nmol/l probe, and hybrid-
ized at 42 °C overnight. The next day, the slides were incu-
bated with 50 µg/ml RNase A for 30 minutes at 37 °C and 
with extensive wash in 2× and 0.1× SSC for 1 hour. The 
slides were blocked with blocking buffer (20% sheep serum 
in 50 mmol/l Tris–HCl; pH 7.5, 150 mmol/l sodium chloride, 
10 mmol/l potassium chloride, 1% Tween-20) at room tem-
perature. Two hours later, anti-DIG antibody 1:2,000 (Anti-
DIG alkaline phosphatase FAB fragments; Roche Applied 
Science) in blocking buffer was added and incubated at 4 °C 
in humid chamber for 48 hours. Then the slides were washed 
with KTBT (50 mmol/l Tris–HCl; pH 7.5, 150 mmol/l sodium 
chloride, 10 mmol/l potassium chloride, 1% Tween-20) and 
alkaline phosphatase buffer (100 mmol/l Tris–HCl, 50 mmol/l 
magnesium chloride, 100 mmol/l sodium chloride, 0.1% 
Tween-20, pH 9.6), and developed with 1-Step NBT/BCIP 

(nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
phate) developing solution (Thermo Scientific) in the dark. 
The slides were washed with water, and counterstained 
with 1% methylene green (Sigma-Aldrich) at 37 °C for 10 
minutes. After washing, the slides were dehydrated, and 
mounted with Vectorlab mounting buffer (Vector Laborato-
ries), and observed under Zeiss light microscopy equipped 
with Olympus camera.

Statistical analysis. Results are expressed as mean ± SD. 
Significance (P < 0.05) was assessed using the unpaired 
t-test or one-way analysis of variance analysis and the indi-
cated post hoc analysis using GraphPad Prism (Version 5.0) 
software (GraphPad, La Jolla, CA).
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